Treatment with proinflammatory prostaglandin E 2 (PGE 2 ) produced a transient sensitization of whole-cell currents elicited by the vanilloid capsaicin. The intracellular signaling pathways that mediate the initiation of this PGE 2 -induced sensitization of the capsaicin-elicited current in rat sensory neurons are not well established. Treatment with either forskolin (100 nM to 10 M) or membrane-permeant analogs of cAMP, 8-bromo-cAMP (8-BrcAMP) and chlorphenylthio-cAMP (10 M to 1 mM), transiently sensitized neuronal responses elicited by capsaicin in a manner analogous to that produced by PGE 2 . The duration of sensitization was lengthened with increasing concentrations of forskolin; however, higher concentrations of 8-Br-cAMP or chlorphenylthio-cAMP led to a shortening of sensitization. The inactive analog of forskolin, dideoxy-forskolin, had no effect on capsaicin responses. Inclusion of the inhibitor of protein kinase A in the recording pipette completely suppressed the sensitization produced by PGE 2 or forskolin. In recordings from membrane patches in the cell-attached configuration, the bath application of capsaicin evoked single-channel currents in which the level of channel activity was concentration-dependent and had an EC 50 of 1.4 M. These single-channel currents evoked by capsaicin exhibited an apparent reversal potential of ϩ4 mV and were blocked by the capsaicin antagonist capsazepine. Exposure of the sensory neuron to either PGE 2 or forskolin produced a large and transient increase in the mean channel activity (NP o ) elicited by capsaicin, although the unitary conductance remained unaltered. Taken together, these observations suggest that modulation of the capsaicin-gated channel by the cAMP-protein kinase A signaling pathway enhanced the gating of these channels and consequently resulted in the sensitization of the whole-cell currents.
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A specific population of mammalian sensory neurons can be distinguished by their excitatory response to the vanilloid capsaicin. These capsaicin-sensitive A-␦ and C fibers are believed to be involved in the perception and signaling of nociceptive information (for review, see Holzer, 1991; Szallasi and Blumberg, 1996) . Indeed, the intradermal injection of capsaicin in human subjects provokes intense pain (LaMotte et al., 1991 (LaMotte et al., , 1992 . In responsive sensory neurons, capsaicin generates an inward current that results in the depolarization of the neuron (Heyman and Rang, 1985; Marsh et al., 1987; Bevan and Forbes, 1988; Bevan and Szolcsanyi, 1990 ). This inward current results from the opening of a nonselective cationic channel that is largely permeable to Na ϩ and C a 2ϩ (Marsh et al., 1987; Wood et al., 1988; Bevan and Szolcsanyi, 1990; Oh et al., 1996a) . Recently, the capsaicin receptor has been cloned, and the expressed protein has electrophysiological properties that are quite similar to the currents conducted by the native receptor (C aterina et al., 1997) . Although there is considerable information concerning the excitatory properties of capsaicin, the exact role of this receptor in nociception remains to be elucidated. Similarly, little is known about the capacities of intracellular signaling pathways to modulate either the capsaicin-elicited whole-cell current or the activity of the capsaicin-gated ion channel.
The sensitivity or excitability of mammalian sensory neurons in response to various forms of noxious stimulation, such as mechanical pressure or chemical agents, can be facilitated by exposure to proinflammatory prostaglandins (Higgs et al., 1984; Foreman, 1987; Salmon and Higgs, 1987) . In behavioral studies, sensitization is manifested as a heightened perception of pain (for review, see Handwerker and Kobal 1993; Kress and Reeh, 1996) . Furthermore, in electrophysiological recordings obtained from isolated sensory neurons grown in culture, treatment with prostaglandin E 2 (PGE 2 ) enhances the number of action potentials generated by exposure to either elevated levels of potassium (Baccaglini and Hogan, 1983) or focally applied bradykinin (Nicol and Cui, 1994) . The increased excitability results, in part, from the modulation of specific membrane currents. Treatment with PGE 2 results in the facilitation of a tetrodotoxin-resistant sodium current (Gold et al., 1996; England et al., 1996) and the suppression of a potassium current (Nicol et al., 1997) .
Recent studies indicate that this PGE 2 -induced sensitization results from activation of the cAMP transduction cascade. Experimental findings that support this notion are threefold. First, PGE 2 increases intracellular levels of cAMP in sensory neurons (Hingtgen et al., 1995) . Second, the exogenous application of membrane-permeant analogs of cAMP mimics the sensitizing effects of PGE 2 in studies examining either the excitatory re-sponse elicited by bradykinin (Cui and Nicol, 1995) or the release of neuropeptides from sensory neurons (Hingtgen et al., 1995) . Last, inhibition of the cAMP-dependent protein kinase A (PKA) blocks sensitization by PGE 2 (Cui and Nicol, 1995) . These studies indicate that the cAMP transduction cascade plays a critical role in the PGE 2 -induced sensitization; however, the role of the cAMP transduction pathway in mediating the onset of sensitization and its capacity to modulate the excitatory response to capsaicin remain to be defined. Therefore, in this study we examined the capacity of both the proinflammatory prostaglandin PGE 2 and activators of the cAMP transduction cascade to sensitize the response to capsaicin recorded from rat sensory neurons grown in culture. Our findings demonstrate that PGE 2 , through activation of the cAMP-PKA signaling pathway, increases the whole-cell currents elicited by capsaicin and that this enhancement results from the increased activity of the capsaicin-gated ion channel.
Portions of this work have been published previously (Lopshire and Nicol, 1997a) .
MATERIALS AND METHODS
Isolation and culture of embr yonic rat sensor y neurons. The procedures used for the isolation and maintenance of embryonic rat sensory neurons have been described previously (Vasko et al., 1994) . Briefly, pregnant Harlan Sprague Dawley (Indianapolis, I N) rats were rendered unconscious by exposure to C O 2 and killed by cervical dislocation. The dorsal root ganglia (DRG) were removed from the embryos (days 15-17 of gestation) and placed in a dish containing sterile calcium-free, magnesium-free HBSS at 4°C. The DRG were incubated in HBSS containing 0.025% trypsin for 30 min at 37°C. The digestion was terminated with the addition of 0.25% trypsin inhibitor. The ganglia were washed once with HBSS, centrif uged, and resuspended in growth medium (DM EM; Life Technologies, Grand Island, N Y) supplemented with 2 mM glutamine, 50 g /ml penicillin and streptomycin, 10% (v/ v) heat-inactivated fetal bovine serum, 50 M 5-fluoro-2Ј-deoxyuridine, 150 M uridine, and 250 ng /ml 7S nerve growth factor (Harlan Bioproducts, Indianapolis, I N). Individual cells were obtained by dissociation with a fire-polished pipette. Approximately 300,000 cells were plated on a collagen-coated culture dish (35 mm) containing small plastic coverslips. C ells were maintained at 37°C in a 5% C O 2 atmosphere, and the media were changed every 2 d. All procedures were approved by the Animal C are and Use Committee at Indiana University School of Medicine.
Electrophysiolog y. The procedures for whole-cell patch-clamp recording from rat sensory neurons have been described previously (L opshire and Nicol, 1997b) . Briefly, a coverslip of sensory neurons (typically after 4 -5 d in culture) was placed in a recording chamber where the neurons were superf used with normal Ringer's solution of the following composition (in mM): 140 NaC l, 5 KC l, 2 C aC l 2 , 1 MgC l 2 , 10 H EPES, and 10 glucose, pH 7.4, with NaOH. Small-diameter sensory neurons were selected for these recordings. Membrane currents or voltages were recorded with a List EP-7 patch-clamp amplifier (List Electronic, Darmstadt, Germany) using the whole-cell patch-clamp technique (Hamill et al., 1981) . Recording pipettes were pulled from borosilicate glass and typically had resistances of 2-4 M⍀ when filled with the following solution (in mM): 140 KCl, 5 MgCl 2 , 4 Na 2 ATP, 0.3 Na 3 GTP, 2.5 CaCl 2 , 5 EGTA (calculated free calcium concentration of ϳ150 nM), and 10 HEPES, pH 7.2, with KOH. After establishing the whole-cell configuration and allowing a 5-10 min equilibration period, the cell capacitance was compensated by the nulling circuitry of the amplifier. The series resistance was compensated (average value, 38.2 Ϯ 1.5%), which yielded uncompensated series resistances that ranged from 2.2 to 7.9 M⍀ (average value, 3.7 Ϯ 0.4 M⍀). The membrane was voltage-clamped at Ϫ60 mV, which is close to the normal resting potential of this neuronal population (Nicol and Cui, 1994) . The whole-cell currents evoked by capsaicin were filtered at 3 kHz and sampled at 500 Hz using the Fetchex program of pClamp 6.0.3 (Axon Instruments, Foster City, CA). In those experiments examining inhibition of PKA, the recording pipettes were backfilled with the normal internal solution containing 20 M PKI 14 -24 . Before any recording was initiated, a period of 10 min was used to permit the equilibration of PKI between the pipette and the cytoplasm of the neuron.
For the experiments examining single-channel activities, recording pipettes were coated with Sylgard (Dow Corning, Midland, M I) and heat-polished with a custom-built microforge. The pipette resistance was typically 3-5 M⍀ after filling with a low-calcium external solution of the following composition (in mM): 140 NaC l, 5 KC l, 10 H EPES, 10 glucose, 2 MgC l 2 , 2 CaCl 2 , and 3.5 EGTA (calculated free calcium concentration of ϳ150 nM), pH 7.4, with NaOH. The low-calcium external solution was used to superf use the neurons. Single-channel currents were recorded using the cell-attached patch-clamp technique (Hamill et al., 1981) . Currents evoked by capsaicin were filtered at 1 kHz using an eight-pole Bessel filter (Frequency Devices, Haverhill, M A), digitized at 5 kHz using the Fetchex program of pC lamp, and stored in a personal computer. The traces of single-channel activity shown in the figures were filtered digitally at 500 Hz.
C apsaicin was administered to the neuron by either bath application or focal application via a large-bore pipette (5-10 m tip diameter and positioned within 20 -40 m of the cell body) containing the desired external solution, the appropriate concentration of capsaicin, and 1 mM trypan blue dye. During continuous superf usion of the bath, positive pressure (1-2 sec duration for the whole-cell experiments and continuous for the single-channel experiments) was applied to the focal pipette, resulting in the delivery of capsaicin to the cell body. The trypan blue allowed for visual confirmation of drug delivery. The focal application of trypan blue alone had no effect on these neurons (Nicol and Cui, 1994; L opshire and Nicol, 1997b) . T wo control responses to capsaicin, separated by ϳ2 min, were obtained before the application of sensitizing agents. The response to capsaicin then was tested at the subsequent times indicated in each figure. To avoid desensitization, responses to capsaicin were obtained from only a single neuron on each coverslip.
Unless otherwise noted, all voltages are expressed as the membrane voltage, i.e., inside the cell relative to the outside for the whole-cell recordings or the negative of the pipette potential for the single-channel recordings. To determine the contribution of the resting membrane potential to the total membrane voltage of the cell-attached patch, the effects of a continuous exposure to capsaicin on the membrane potential were examined. Using the whole-cell configuration in current-clamp mode, the bath application of 1 M capsaicin in a low-calcium Ringer's solution depolarized the membrane from Ϫ54 Ϯ 1 to Ϫ5 Ϯ 1 mV (n ϭ 5) with an average onset latency of 19 Ϯ 2 sec (expressed as the time elapsed from initiation of capsaicin exposure to steady-state depolarization; see Fig. 7B , inset, for a representative trace). This depolarization was maintained; after 4 and 20 min of continuous exposure to capsaicin the potentials were Ϫ4 Ϯ 1 and Ϫ5 Ϯ 1 mV, respectively. Because the voltage recorded under these conditions remained near a value of 0 mV, the small contribution of the resting membrane potential was neglected. The voltages indicated in the single-channel measurements are reported as the negative of the applied pipette voltage.
For the whole-cell experiments, all neurons were required to maintain a zero-current potential more hyperpolarized than Ϫ45 mV for 4 -5 min after establishing the whole-cell configuration, and the peak amplitudes of the two control currents elicited by capsaicin had to be within 10% of their mean value. If a neuron failed to satisf y these criteria, the recording was terminated. Depolarizing currents are shown as downward. All experiments were performed at room temperature (ϳ21°C).
Anal ysis. All values are reported as the mean Ϯ SEM. In the whole-cell experiments, the time course of sensitization for each neuron was characterized by two parameters, the time to peak sensitization and the time for sensitization to return to half-maximal values (t 1 ⁄2M AX). The values from individual neurons were then averaged to obtain the mean Ϯ SEM for each experimental treatment. The time to peak sensitization is defined as the time elapsed from the delivery of sensitizing agent to the maximal sensitization, and the t 1 ⁄2M AX is defined as the time elapsed from the maximally sensitized response to the point at which sensitization has returned to half way between the peak and control values.
For the analysis of single-channel recordings, all-points amplitude histograms and events lists were constructed using the Fetchan program of pClamp. The all-points amplitude histograms were fit by Gaussian functions using the pStat program of pClamp. Channel openings were detected using the half-amplitude detection algorithm. A minimum estimate of the number of channels was obtained from the maximum number of overlapping events observed in each patch. NP o was calculated as follows:
where i is the level of the open channel, N is the maximum number of overlapping events observed in that recording (assumed to be the max-imum number of open channels), and P oi is the probability of i channels being open as reported by Fetchan. The total time of the recording was obtained from the events list and was typically ϳ40 sec.
To determine the dependence of the relative N P o of the capsaicingated channel on membrane potential, these results were fitted by the Boltzmann relation:
where V m is the membrane potential, V 0.5 is the voltage at half-maximal activation, and k is a steepness factor. The concentration -response relation was fitted with a ligand-binding isotherm of the following form:
where CAP RESP is NP o at the test concentration, CAP M AX is the maximum N P o elicited by capsaicin, CAP 0.5 is the concentration of capsaicin that produces a half-maximal response, CAP is the test concentration of capsaicin, and n is a steepness factor. Statistical differences were determined using a one-way ANOVA with a Student Newman -Keuls post hoc test. Values of p Ͻ 0.05 were judged to be statistically significant. Chemicals. Prostaglandins were obtained from C ayman Chemical Co. (Ann Arbor, M I). Protein kinase A inhibitor 14 -24 amide (PK I 14 -24 ) was obtained from Peninsula Laboratories, Inc. (Belmont, CA). All other chemicals were obtained from Sigma (St. L ouis, MO). Prostaglandins, capsaicin, forskolin, and dideoxyforskolin were first dissolved in methyl-2-pyrolidinone (HPLC grade; Aldrich, Milwaukee, W I) and subsequently diluted in the appropriate solution to the desired concentration.
The concentrations of free C a 2ϩ were calculated from the binding constants described by C aldwell (1970).
RESULTS

Prostaglandin E 2 and forskolin transiently sensitize sensory neurons to capsaicin excitation
The focal application of capsaicin evoked an inward current when applied to small-diameter sensory neurons voltage-clamped at Ϫ60 mV in the whole-cell configuration. The peak amplitude of the capsaicin-elicited current (I CAP ) was increased transiently after treatment with PGE 2 . Control and experimental responses after PGE 2 treatment obtained from a representative neuron are shown in Figure 1 A. The left trace illustrates the current response to a 2 sec application of 100 nM capsaicin. This concentration of capsaicin was used in all whole-cell experiments because it is slightly less than the EC 50 (156 nM) established for the whole-cell current evoked by capsaicin in these cultured sensory neurons (Lopshire and Nicol, 1997b) . In this neuron, the peak amplitude of the control response was 240 pA. After a 10 min exposure to 1 M PGE 2 , the amplitude of I CAP was increased to 822 pA, a 3.4-fold increase. After a 25 min exposure to PGE 2 , the transient nature of the PGE 2 -induced sensitization was evident. In the continued presence of PGE 2 , I CAP was reduced to 246 pA and was similar to the control response. Another series of experiments examined the notion that the PGE 2 -induced increase in the amplitude of I CAP might result from an acceleration of the response kinetics to these brief applications of capsaicin. Capsaicin (100 nM) was applied focally to the neuron to obtain a response that reached a stable plateau; the application was then continued for an additional 2 sec. In six neurons, the average times to peak for the two control responses were 6.6 Ϯ 0.9 and 6.2 Ϯ 0.4 sec (peak amplitudes of 109 Ϯ 31 and 112 Ϯ 29 pA, respectively) in which the average times of capsaicin exposure were 8.7 Ϯ 0.9 and 8.8 Ϯ 0.5 sec, respectively. Using this stimulus protocol, treatment with 1 M PGE 2 significantly enhanced I CAP by 2.2 Ϯ 0.3-fold (range, 1.5 to 3.1-fold; data not shown). The time course of sensitization was similar to that shown in Figure 1 A for the shorter exposures to capsaicin in which the maximal sensitization occurred after a 10 min treatment with PGE 2 . These results corroborate our previous observations in which treatment of sensory neurons with PGE 2 produced a transient increase in the amplitude of I CAP . Although I CAP was enhanced, PGE 2 had no significant effect on the holding current. In those experiments using both short and long capsaicin exposures, the average holding current under control conditions was Ϫ55 Ϯ 11 pA (n ϭ 15) compared with Ϫ71 Ϯ 17 pA (n ϭ 15) after a 10 min exposure to 1 M PGE 2 (the time of peak sensitization). In the absence of PGE 2 , the repeated application of 100 nM capsaicin at 2 min intervals did not alter the response, indicating that these brief exposures to a low concentration of capsaicin produced neither sensitization nor desensitization of I CAP (L opshire and Nicol, 1997b) .
The response of sensory neurons to bradykinin undergoes a PGE 2 -induced sensitization in which this enhancement was mediated by the cAM P transduction cascade (Cui and Nicol, 1995) . To investigate whether sensitization of capsaicin responses by PGE 2 involved similar cellular mechanisms, we determined the ability of forskolin, a diterpene that directly activates adenylyl cyclase (Seamon et al., 1981) , to produce an analogous sensitization of capsaicin responses. The forskolin concentrations (100 nM to 10 M) used in these experiments elevated the intracellular cAMP content by 2-and 10-fold, respectively, in cultured sensory neurons (Fig. 1 , Hingtgen et al., 1995) . Figure 1 B (top panel ) shows that 100 nM forskolin sensitized capsaicin responses. The control response in this representative neuron was 510 pA. After a 10 min exposure to 100 nM forskolin, the amplitude of I CAP was increased to 1356 pA, a 2.7-fold enhancement. Analogous to the PGE 2 -induced increase in I CAP , the sensitization produced by forskolin was transient; after a 35 min exposure to forskolin, I CAP (530 pA) returned to control levels.
Higher concentrations of forskolin produced a similar level of sensitization; however, the duration of this sensitization was increased. The bottom panel in Figure 1 B illustrates the effect of 1 M forskolin on I CAP in another neuron. After a 10 min exposure to forskolin, I CAP was 836 pA, a threefold increase over the control response (280 pA). Although I CAP was enhanced, the holding current was unaltered by forskolin; after a 10 min application, the holding current was Ϫ79 Ϯ 45 pA compared with the control value of Ϫ68 Ϯ 23 pA (n ϭ 7). This higher concentration of forskolin produced a sensitization of greater duration. After exposure to forskolin for 50 min, I CAP remained almost twofold larger than the control response. This concentration-dependent effect of forskolin on the duration of the enhanced capsaicin response was obtained in all neurons and is summarized in Figure  1C . The responses obtained after forskolin treatment were normalized to the mean of the two control responses. Exposure to 100 nM forskolin caused a significant and transient 2.7 Ϯ 0.2-fold increase in the amplitude of I CAP with a time to peak of 11.3 Ϯ 1.0 min and a t 1 ⁄2M AX of 5.3 Ϯ 0.6 min (n ϭ 3). In neurons exposed to either 1 or 10 M forskolin, I CAP exhibited a 3.7 Ϯ 0.4-fold (n ϭ 7) or 3.1 Ϯ 0.4-fold (n ϭ 6) increase, respectively. The times to peak of 14.7 Ϯ 3.3 min and 20.5 Ϯ 3.3 min were similar for either 1 or 10 M forskolin, respectively. However, compared with the results obtained with 100 nM forskolin, the sensitization remained significantly elevated for longer times. For 1 and 10 M forskolin, t 1 ⁄2M AX was increased to 19.2 Ϯ 4.0 and 19.8 Ϯ 5.0 min, respectively. Therefore, 100 nM forskolin appears to elicit maximal sensitization of I CAP , whereas higher concentrations prolong the period of sensitization.
To determine whether the sensitizing effects of forskolin were attributable to a specific action on adenylyl cyclase or reflected some other nonspecific action, we tested the effects of dideoxyforskolin, a forskolin analog that does not stimulate adenylyl cyclase (Seamon et al., 1983) . As shown in Figure 1 D, treatment with 1 M dideoxyforskolin had no effect on I CAP (n ϭ 3). To determine whether dideoxyforskolin somehow influenced the capacity of neurons to be sensitized, another series of experiments was conducted in which neurons were first exposed to dideoxyforskolin and then to PGE 2 . As before, dideoxyforskolin had no effect on I CAP ; however, in the continued presence of dideoxyforskolin, treatment with 1 M PGE 2 produced a significant and transient 2.0 Ϯ 0.1-fold increase in I CAP (n ϭ 4). In all four neurons examined, the time to peak was at 6 min with a t 1 ⁄2M AX of 3.9 Ϯ 0.2 min. Taken together, these experiments indicate that forskolin treatment, in a manner analogous to the sensitization evoked by PGE 2 , produced a transient increase in the magnitude of I CAP . This sensitization resulted from stimulation of adenylyl cyclase because of the lack of effect of dideoxyforskolin. Additionally, the duration of sensitization produced by forskolin was concentration-dependent, suggesting that increased concentrations of intracellular cAMP lead to greater durations of sensitization of I CAP .
Analogs of cAMP also sensitize the capsaicin-elicited current
To explore the notion that the sensitization produced by PGE 2 and forskolin was mediated by the cAMP pathway, the capacity of a membrane-permeable analog of cAMP, 8-bromo-cAMP (8-BrcAMP), to enhance I CAP was examined. The concentrations of 8-Br-cAMP used in these experiments facilitated the release of neuropeptides evoked by excitatory chemical agents in cultured rat sensory neurons (Hingtgen et al., 1995) . In a representative neuron, the control response to capsaicin was 220 pA (Fig. 2 A, top  panel ) . After a 10 min exposure to 10 M 8-Br-cAMP, I CAP was increased by twofold (434 pA). Unlike the results obtained with 100 nM forskolin, the duration of sensitization was prolonged in this neuron and remained elevated by 1.4-fold (314 pA) compared with the control responses, even after a 35 min exposure to 8-Br-cAMP. To determine whether the duration of the 8-BrcAMP-induced sensitization was also concentration-dependent, 1 mM 8-Br-cAMP was used in an attempt to produce longer periods of sensitization. The results from a representative neuron are shown in the bottom panel of Figure 2 A. After a 6 min exposure to 1 mM 8-Br-cAMP, the amplitude of I CAP was increased to 449 pA, a 2.3-fold increase from control response of 199 pA. Surprisingly, the duration of the sensitization produced by this concentration of 8-Br-cAMP was shortened, wherein the response had returned to control levels after only 20 min (response amplitude of 229 pA).
The apparent inverse concentration effect (lower concentrations of 8-Br-cAM P producing a longer duration of sensitization) was obtained in all neurons exposed to 8-Br-cAM P. These experimental results are summarized in Figure 2 B. E xposure to 10 M 8-Br-cAM P produced a significant 2.8 Ϯ 0.3-fold increase in the amplitude of I CAP with a time to peak of 11.6 Ϯ 0.1 min and a t 1 ⁄2M AX of 22.3 Ϯ 2.1 min (n ϭ 5). In neurons exposed to 100 M 8-Br-cAMP, I CAP was increased significantly by 2.4 Ϯ 0.4-fold above the control responses with a time to peak of 9.3 Ϯ 1.5 min (n ϭ 6). However, the duration of sensitization was decreased significantly where t 1 ⁄2M AX was reduced to 3.8 Ϯ 0.4 min. Increasing the concentration of 8-Br-cAMP to 1 mM significantly enhanced I CAP by 2.0 Ϯ 0.1-fold and had a time to peak of 6.0 Ϯ 0.1 min (n ϭ 3). This concentration of 8-Br-cAMP produced a further decrease in t 1 ⁄2M AX to 2.3 Ϯ 0.1 min. Although the exact mechanism(s) for the inverse-concentration effect obtained with 8-Br-cAMP remains unclear (but see below), treatment with 8-Br-cAMP sensitized the capsaicin response in a manner analogous to that produced by PGE 2 and forskolin. These results then suggest that increased levels of intracellular cAMP likely mediate the sensitization produced by PGE 2 .
The shortened duration of sensitization obtained with higher concentrations of the cAMP analog 8-Br-cAMP suggests that this agent may have other cellular actions. Therefore, to explore this possibility, the capacity of another membrane-permeant cAMP analog, chlorphenylthio-cAMP (cpt-cAMP) to sensitize sensory neurons was determined. As presented in Figure 2C , the results obtained with cpt-cAMP were similar to those obtained with 8-Br-cAMP. Exposure to 10 M cpt-cAMP produced a 2.2 Ϯ 0.1-fold increase in the amplitude of I CAP with a time to peak of 16.0 Ϯ 2.1 min (n ϭ 4). The sensitization produced by 10 M cpt-cAMP remained significantly elevated for a sustained period, as evidenced by the t 1 ⁄2M AX of 26.7 Ϯ 5.0 min. Similarly, I CAP was enhanced significantly by 2.0 Ϯ 0.2-fold after treatment with 100 M cpt-cAMP; the sensitization had a time to peak of 10.0 Ϯ 0.1 min (n ϭ 4). However, with this higher concentration of cptcAMP, t 1 ⁄2M AX was reduced to 3.1 Ϯ 0.3 min. This series of experiments suggests that, like forskolin, elevations in intracellular cAMP enhanced the sensitivity of the neuron to capsaicin. However, unlike forskolin, higher concentrations of the cAMP analogs somehow led to a decreased duration of sensitization.
The above studies raise the possibility that the more transient sensitization observed with higher concentrations of the cAMP analogs may reflect the activity of these agents at an effector that normally is not activated by physiological increases in the concentration of cAMP. Previous studies observed that cAMP analogs and high concentrations of cAMP were capable of activating cyclic GMP-dependent protein kinase (PKG); this pattern of stimulation was termed cross-activation (Jiang et al., 1992) . In support of this notion, our previous results demonstrated that recovery of PGE 2 -induced sensitization of I CAP was mediated by activation of PKG (Lopshire and Nicol, 1997b) . To investigate the possibility that these cAMP analogs reverse the sensitization through the cross-activation of PKG, we examined the action of 1 mM 8-Br-cAMP on I CAP in neurons that were sensitized fully by consecutive treatments with 1 and 10 M forskolin. These results are shown in Figure 3 . After exposure to 1 M forskolin, I CAP was enhanced by 2.1-fold compared with the control responses and had a time to peak of 7.3 Ϯ 1.1 min (n ϭ 3). The enhanced response to capsaicin stabilized at this level. If the reversal or inactivation of sensitization was produced by an additional large increase in cAMP, then treatment of these neurons with 10 M forskolin should cause the sensitization to recover to control levels. However, 10 M forskolin produced no further change in the level of sensitization. After ϳ21 min in 10 M forskolin, I CAP was maintained at a twofold increase over the control levels, suggesting that maximal sensitization had been attained. At this Figure 2 . Treatment with membrane-permeant analogs of cAM P enhance the whole-cell responses to capsaicin. A, Sensitizing effect of 10 M and 1 mM 8-Br-cAMP treatment (top and bottom traces, respectively) on capsaicin responses in two different neurons. B, E xtent and time course of the sensitization produced by these concentrations of 8-Br-cAM P. C, Sensitization induced by 10 and 100 M chlorphenylthio-cAM P. In B and C, the bar beginning at 3 min represents the change to Ringer's solution containing the indicated concentrations of cAM P analogs. Asterisk s indicate significant differences at p Ͻ 0.05 compared with control.
time, exposure to 1 mM 8-Br-cAMP caused the enhanced I CAP to return rapidly to control levels with a t 1 ⁄2MAX of 2.7 Ϯ 0.3 min (relative to the time of the last capsaicin response before 8-BrcAMP addition). These results suggest that higher concentrations of cAMP analogs may act at site(s) distinct from those usually stimulated by normal physiological changes in the levels of cAMP.
Inhibition of protein kinase A prevents PGE 2 -and forskolin-induced sensitization
Both forskolin and cAM P analogs gave rise to a sensitization of I CAP that was similar to that produced by PGE 2 . To establish whether this increased sensitivity to capsaicin was attributable to a direct action of cAM P or was dependent on cAM P activation of PKA, a series of experiments was conducted in which sensory neurons were perf used intracellularly with the peptide inhibitor of PK A, PK I 14 -24 (Cheng et al., 1986) . In the presence of 20 M PKI 14 -24 , the peak amplitudes of the control responses to 100 nM capsaicin were not different significantly from control responses obtained in earlier experiments (PK I ϩ PGE 2 series: 325 Ϯ 111 pA; n ϭ 8; PK I ϩ forskolin series: 284 Ϯ 44 pA; n ϭ 4; and no PKI series: 255 Ϯ 18 pA; n ϭ 50). As shown in Figure 4 , intracellular perf usion of PK I 14 -24 completely blocked the capacity of either 1 M PGE 2 or 1 M forskolin (Fig. 4 A, B , respectively) to enhance I CAP . The insets illustrate representative responses obtained at the indicated times during both experiments. These findings demonstrate that activation of PK A was necessary and sufficient for the sensitization of I CAP produced by either PGE 2 or forskolin.
Capsaicin elicits single-channel activity in cell-attached membrane patches that is antagonized by capsazepine
The cAM P-mediated sensitization of I CAP likely is manifested by a change in one or more of the single-channel properties of the capsaicin-gated channel. Oh et al. (1996a,b) reported recently that, in cell-attached recordings, extracellularly applied capsaicin elicited single-channel currents in the membrane patch. Thus, these investigators proposed that capsaicin crosses the plasma membrane and binds to the channel at the intracellular surface of the membrane. Based on these observations, the cell-attached configuration was used to explore the modulation of the capsaicin-gated ion channel by PGE 2 and the cAMP pathway. An additional advantage of this approach is that normal intracellular signaling pathways of the neuron remain intact.
Initially, the properties of the capsaicin-gated channel in these cultured sensory neurons were characterized. In a representative recording in which the membrane potential was maintained at Ϫ60 mV (Fig. 5 A, B) , changing the superfusate to low-calcium external solution containing 1 M capsaicin evoked the appearance of inward currents, which was indicative of the activation of capsaicin-gated ion channels. Figure 5B illustrates selected portions of the compressed traces shown in Figure 5A on an expanded time scale. Each trace is taken from that particular segment of the recording indicated by its respective number. The unitary nature of the multiple channel openings is evident in traces 2 and 4. After washout of capsaicin, the inward currents were no longer present. Inclusion of 10 M capsazepine, the competitive antagonist of capsaicin (Bevan et al., 1992) , with the 1 M capsaicin low-calcium external solution, produced a nearly complete suppression of the currents elicited by capsaicin. With the removal of capsazepine, the introduction of capsaicin again elicited the channel currents. The decreased channel activity observed during this second capsaicin application may reflect the presence of residual capsazepine or desensitization of the capsaicin response. Desensitization seems less likely, because this process should be diminished at the reduced calcium concentrations (ϳ150 nM) used in these experiments. This notion was based on previous observations in which desensitization of the capsaicin response was attenuated greatly as the external calcium was lowered (Cholewinski et al., 1993; Liu and Simon, 1996; Koplas et al., 1997 ).
An all-points amplitude histogram was constructed from the initial capsaicin exposure in this neuron and is shown in Figure  5C . The peaks in this histogram were fitted with a Gaussian distribution in which the values corresponded to one closed level and four open levels. This suggested that there were at least four active capsaicin channels in this patch. The amplitude of the unitary current obtained for the open levels was Ϫ2.1 Ϯ 0.1 pA and yielded a single-channel conductance of 35.1 Ϯ 1.5 pS. The mean values for N P o obtained under these different experimental conditions in three different neurons are summarized in Figure  5D . These results demonstrate that the addition of 1 M capsaicin produced a large increase in N P o that was blocked by the addition of capsazepine. Taken together, our observations support the previous results of Oh et al. (1996 a,b) that capsaicin is capable of diffusing through the plasma membrane to elicit single-channel activity in these cell-attached patches.
Capsaicin-elicited channel activity is concentration-dependent
To ascertain the appropriate concentration of capsaicin with which to probe the activity of single channels in cell-attached patches, we determined the concentration -response relationship for capsaicin applied extracellularly. The patch was held at Ϫ60 mV and exposed to increasing bath concentrations of capsaicin that ranged from 30 nM to 10 M. Between capsaicin applications the cell was washed extensively with low-calcium external solution. NP o at each concentration of capsaicin was determined, and the results from nine neurons were pooled to obtain the mean NP o for a given concentration (Fig. 6) . The results were fitted by a ligand-binding isotherm (described in Materials and Methods) that yielded an EC 50 of 1.4 M and a steepness factor of 2.5.
The capsaicin-gated channel exhibits outward rectification and increased activity at positive potentials Figure 7A illustrates representative single-channel currents elicited by 1 M capsaicin at several membrane voltages. At Ϫ60 mV, the currents were inward; the currents remained inward at Ϫ30 and Ϫ10 mV but were reduced in amplitude. At positive membrane potentials, the currents became outward and increased in amplitude with depolarizing potentials. NP o increased from 0.11 to 1.27 as the potential changed from Ϫ60 to ϩ60 mV values, respectively. The current-voltage relation obtained for the singlechannel currents is summarized in Figure 7B . The currentvoltage relationship appeared linear between Ϫ60 and ϩ20 mV with an average conductance of 33 Ϯ 1 pS at Ϫ60 mV. At more positive potentials, the current began to rectify with the singlechannel conductance increasing to 46 Ϯ 3 pS at ϩ60 mV. The apparent reversal potential (uncorrected for membrane potential) obtained from this relation was ϩ4 Ϯ 1 mV, which was similar to values reported previously for capsaicin-elicited currents (Oh et al., 1996a ; Caterina et al., 1997). In cell-attached patches from embryonic sensory neurons, NP o of the capsaicin-gated channel increased as the membrane potential was depolarized. Because NP o was maximal at ϩ60 mV, values for NP o obtained at other membrane voltages were normalized to this maximum for each neuron. Figure 6C shows that the relative NP o increased from 0.04 Ϯ 0.02 to 1 (n ϭ 3) as the membrane potential was changed from Ϫ60 to ϩ60 mV. The dependence of the relative NP o on membrane potential was described by the Boltzmann relation where V 0.5 was Ϫ9 and k was 20 mV. Previous results demonstrated similar findings for the capsaicin-gated channel in sensory neurons of the neonatal rat (Oh et al., 1996a) .
PGE 2 and forskolin treatment transiently increase capsaicin-gated channel activity
To investigate the capacity of PGE 2 and forskolin to sensitize the capsaicin-gated channel, we used a concentration of 300 nM capsaicin to evoke recordings of only single-level openings of the channel. This choice was based on two observations. First, 300 nM was well below the EC 50 for the concentration -response relation (Fig. 6 ). Second, in preliminary studies, recordings obtained with 100 nM capsaicin failed to exhibit reliable levels of activity under control conditions (data not shown). The results obtained from a cell-attached patch exposed to 300 nM capsaicin are shown in Figure 8 A. However, in this trace, two overlapping open events were detected, indicating that at least two active channels were present. The mean unitary current was Ϫ1.9 pA, which corresponds to a single-channel conductance of 31 pS; N P o in this trace was 0.13. After exposure to 1 M PGE 2 for 12 min, there were clearly three overlapping open levels observed, and NP o was increased to 0.53. There was no change in the unitary current after PGE 2 treatment; it remained at Ϫ2.0 pA (Fig. 8 B) . In this neuron, the PGE 2 -induced increase in N P o was transient when, after a 20 min exposure to PGE 2 , NP o was reduced to 0.03. The unitary current remained unchanged at Ϫ2.0 pA (Fig. 8C) . Interestingly, the application of 10 M capsaicin (Fig. 8 D) after a 25 min exposure to PGE 2 produced a large increase in N P o to 0.85 with three detectable open levels. The unitary current was still unchanged at Ϫ2.0 pA.
As summarized in Figure 9 , PGE 2 significantly enhanced NP o in all seven neurons examined. After a 12 min exposure, PGE 2 increased NP o to 0.79 Ϯ 0.1 from the control level of 0.07 Ϯ 0.03. Furthermore, this increase was transient wherein NP o returned to control levels after only 20 min in the continuous exposure to PGE 2 . The unitary conductance of the capsaicin-gated channel remained unaltered throughout the exposure to PGE 2 , having values of 33 Ϯ 0.7, 33 Ϯ 0.4, and 33 Ϯ 0.6 pS for the control condition and for 12 and 20 min exposures to PGE 2 , respectively. In all of these recordings, multiple channel openings were noted after PGE 2 exposure, thereby complicating a kinetic analysis of channel activity. Similarly, treatment with 1 M forskolin resulted in a significant and transient increase in N P o evoked by 300 nM capsaicin (Fig. 9) , whereas the unitary conductance was unaltered (33 Ϯ 0.8 and 34 Ϯ 0.4 pS for the control and after a 12 min exposure to forskolin, respectively). In the absence of PGE 2 or forskolin, neither the unitary conductance nor N P o elicited by 300 nM capsaicin was changed over the 23 min time course (Fig. 9) . Thus, these findings suggest that the PGE 2 -or forskolin-induced enhancement of NP o without a concomitant change in unitary conductance results from an increase in the number of active channels and/or an increased open probability of the channel.
DISCUSSION
Capsaicin-elicited currents in sensory neurons
In this report we demonstrated that the application of the vanilloid capsaicin to embryonic sensory neurons elicits whole-cell currents that are similar to those observed in previous studies (Marsh et al., 1987; Bevan and Szolcsanyi, 1990; Koplas et al., 1997; Lopshire and Nicol, 1997b) . Likewise, the properties of the Figure 8 . PGE 2 treatment enhances the channel activity elicited by capsaicin. A, Representative recording of the single-channel activity elicited by 300 nM capsaicin under control conditions. In B, the single-channel activity elicited by capsaicin is increased after treatment with 1 M PGE 2 in the same neuron. The inset trace shows, at greater time resolution, the capsaicin response during the period indicated by the bar. The transient nature of the PGE 2 -induced increase in channel activity is shown in C. The trace illustrates the recording obtained after 20 min of continuous exposure to PGE 2 . D, Effect of 10 M capsaicin treatment in this same neuron after a 25 min exposure to PGE 2 . The inset illustrates the response to capsaicin obtained during the time indicated by the bar. In all traces, the arrows indicate the closed level. The all-points histogram generated for each trace is provided at the right.
capsaicin-gated ion channel described in embryonic sensory neurons are comparable to characterizations of this channel in sensory neurons of the neonatal rat (Oh et al., 1996a) as well as the cloned vanilloid receptor expressed in mammalian H EK293 cells (Caterina et al., 1997) . For example, the EC 50 (1.4 M) and the steepness factor n (2.5) determined for the single-channel recordings in Figure 6 are similar to those values (1.1 M and 1.8) reported by Oh et al. (1996a) for neonatal rat sensory neurons. Our observation that n Ͼ 2 indicates that two or more molecules of capsaicin bind to the channel to promote opening. In addition, our estimation of the single-channel conductance at Ϫ60 mV is similar to previously described values that ranged from 30 to 45 pS (Bevan and Szolcsanyi, 1990; Oh et al., 1996a; C aterina et al., 1997) . The conductance exhibits rectification wherein the value increased by nearly twofold (ranging from 70 to 80 pS) at ϩ60 mV (Bevan and Szolcsanyi, 1990; Oh et al., 1996a; C aterina et al., 1997) . However, the increase in conductance at ϩ60 mV determined in our studies was smaller than that described in these previous studies. This may result from the higher concentration of extracellular calcium used in our study (ϳ150 nM) compared with other studies in which no added calcium was used (Oh et al., 1996a; C aterina et al., 1997) . Indeed, both Forbes and Bevan (1988) and Oh et al. (1996a) reported that the conductance of the capsaicin-gated channel can be reduced by increased levels of extracellular calcium.
The relative N P o increased with depolarizing potentials (Fig.  7C) ; these results were described by the Boltzmann relationship in which the values of V 0.5 and k were Ϫ9 and 20 mV, respectively. These values corroborate a previous report by Oh et al. (1996a) in which V 0.5 was Ϫ9 and k was 29 mV. Thus, the channel properties determined in embryonic rat sensory neurons are similar to those published by other investigators using different preparations. This then suggests that the electrophysiological properties of the capsaicin receptor are not regulated or modified differentially during development.
Sensitization of the response to capsaicin
Treatment with the proinflammatory prostaglandin PGE 2 enhanced by twofold to threefold the amplitude of whole-cell currents elicited by capsaicin (L opshire and Nicol, 1997b ). This sensitization was transient wherein the capsaicin response returned to control levels after ϳ20 -25 min in the continued presence of PGE 2 (Fig. 1 A, D) . This reversal of sensitization does not involve desensitization of the capsaicin response because the recovery was blocked by inhibitors of nitric oxide synthase (Lopshire and Nicol, 1997b) , whereas desensitization was insensitive to inhibitors of nitric oxide synthase but was suppressed by calcineurin inhibitors . In addition, this eicosanoid significantly increased the value of NP o for the capsaicin-gated channel; however, the conductance was unaltered. Thus, the enhanced whole-cell currents appear to be a direct result of the PGE 2 -induced modification of the capsaicin receptor that leads to increased levels of activity without modulation of the conductance.
Previously, we demonstrated that the duration of PGE 2 -induced sensitization of the capsaicin response depended on the concentration of extracellular calcium wherein lowered levels lengthened the period of sensitization (Lopshire and Nicol, 1997b) . We observed that the duration of the transient sensitization ( Fig. 9 ) of single-channel activity (performed at ϳ150 nM extracellular calcium) was similar to the transient sensitization of whole-cell currents (performed at 2 mM external calcium). This correspondence may result from the different procedures used to deliver capsaicin. In the whole-cell studies, capsaicin was applied focally in puffs of 1-2 sec, whereas in the single-channel studies, capsaicin was administered continuously during the recording. Despite the lowered calcium concentration, this persistent depolarization occurring with the continuous delivery (Fig. 7B, inset) might permit a sufficient calcium influx to activate pathways that reverse sensitization.
Signaling pathways that mediate sensitization
Previous studies demonstrated that activation of the cAMP transduction pathway played a necessary and sufficient role in the PGE 2 -induced sensitization of the bradykinin response in sensory neurons (Cui and Nicol, 1995; Hingtgen et al., 1995) . In our studies described above, forskolin, an activator of adenylyl cyclase, or membrane-permeant analogs of cAMP enhanced the amplitude of the whole-cell current elicited by capsaicin in a manner comparable to PGE 2 . In support of our findings, Pitchford and Levine (1991) reported that exposure to PGE 2 or analogs of cAMP increased the amplitude of the capsaicinevoked current in adult rat sensory neurons. However, given the high concentrations of PGE 2 (1 mM) or 8-Br-cAMP (20 mM) used in that study, it is difficult to assess directly the physiological significance of such findings. We also observed that treatment with either PGE 2 or forskolin increased NP o of the channel in response to activation by capsaicin. After treatment with either PGE 2 or forskolin, the amplitude histograms revealed openings to additional levels (Fig. 8 B) that were not observed in the control recording (Fig. 8 A) . These results raise the possibility that PGE 2 or forskolin increased the sensitivity of the channel to activation by capsaicin. In support of this notion is the observation that after treatment with PGE 2 , the histogram obtained for 300 nM capsaicin (well below the EC 50 ) was very similar to that obtained with a maximal concentration of 10 M capsaicin (Fig. 8, compare B, D) .
Sensitization of the capsaicin response results from activation of adenylyl cyclase and the consequent activation of PKA. This idea is corroborated by two additional observations. First, dideoxyforskolin, which retains all of the properties of forskolin except the capacity to activate adenylyl cyclase, did not sensitize capsaicin-elicited currents, and it failed to alter the PGE 2 - Figure 9 . PGE 2 or forskolin treatment transiently increases N P o of the capsaicin-gated channel. The hatched bar indicates the time and duration for the application of each agent. Asterisk s indicate significant differences at p Ͻ 0.05 compared with control.
